Abstract: Kinetic models for bioethanol production from waste sorghum leaves by Saccharomyces cerevisiae BY4743 are presented. Fermentation processes were carried out at varied initial glucose concentrations (12.5-30.0 g/L). Experimental data on cell growth and substrate utilisation fit the Monod kinetic model with a coefficient of determination (R 2 ) of 0.95. A maximum specific growth rate (µ max ) and Monod constant (K S ) of 0.176 h −1 and 10.11 g/L, respectively, were obtained. The bioethanol production data fit the modified Gompertz model with an R 2 value of 0.98. A maximum bioethanol production rate (r p,m ) of 0.52 g/L/h, maximum potential bioethanol concentration (P m ) of 17.15 g/L, and a bioethanol production lag time (t L ) of 6.31 h were observed. The obtained Monod and modified Gompertz coefficients indicated that waste sorghum leaves can serve as an efficient substrate for bioethanol production. These models with high accuracy are suitable for the scale-up development of bioethanol production from lignocellulosic feedstocks such as sorghum leaves.
Introduction
Ideal crops for commercial bioethanol production in South Africa include maize, grain sorghum, and sugar cane [1] ; however, in order to completely utilise these materials, post-harvest field waste should be employed for biofuel production. Sweet sorghum (Sorghum bicolor (L.) Moench), in particular, yields significant amounts of biomass (leaves and pressed stalks) and sugar (found in stalks) [2] . Bioconversion of lignocellulosic material to renewable fuels is currently receiving great interest since it does not impact food security [2] . Several studies on the enhancement of fermentable sugar release from lignocellulosic substrates have been reported [3] [4] [5] . Microwave-assisted pre-treatment has received increased attention due to its lower energy demand and shorter process times [6] . Microwave radiation alters the structure of lignocellulose by emitting electromagnetic radiation, which results in the formation of thermal pockets. These pockets ultimately explode due to an increase in heat, leading to the relocation of crystalline structures within the lignocellulosic material [6] . Gabhane et al. [7] studied the individual and interactive effects of acid and alkali pre-treatments using an autoclave, microwave, and ultrasonicator, and obtained a maximal reducing sugar yield of 36.84% from acid pre-treated banana waste by using microwave radiation. Despite the vast information available on lignocellulosic pre-treatment, a significant knowledge gap exists between this and the kinetic assessment of the fermentation efficiency of pre-treated lignocellulosic substrates for biofuel production.
Bioethanol is one such fuel which exhibits several advantages over conventional fossil fuels. This includes its renewable nature, ease of storage, higher oxygen content, higher octane number, the fact that it is free of sulfur, and contributes less to global warming and air pollution [8, 9] . In recent
Materials and Methods

Feedstock Preparation and Pre-Treatment
Sorghum leaves used in this study were harvested from Ukulinga Research Farm, Pietermaritzburg, South Africa (29 • 67 E, 30 • 40 S). Approximately five to eight sorghum leaves were cut off at the leaf collar of mature (approximately 100-120 days) plants. They were immediately oven-dried at 70 • C for 48 h and milled to particle sizes of 1-2 mm using a centrifugal miller (Retsch ZM-1, Durban, South Africa). Milled leaves were treated under previously optimised conditions [23] ; i.e., a 3.83% (v/v) HCl (Merck, Durban, South Africa) solution at a solid-to-liquid (S:L) ratio of 16.66% for 2 min at 600 W in a 1000 W capacity microwave oven (Samsung, Model: ME9114S1, Durban, South Africa). 
Enzymatic Hydrolysis
Pre-treated biomass was rinsed with distilled water until a pH of 4.0 was achieved. The biomass was then oven-dried at 60 • C overnight and enzymatically hydrolysed using powdered cellulase enzyme, Onozuka R-10 (Merck, Durban, South Africa) in 500 mL Erlenmeyer flasks. A solid loading rate of 20 g dry biomass in 200 mL 0.05 M citrate buffer, with an enzyme loading rate of 50 mg/g of dry biomass was employed. The pH during enzymatic hydrolysis was 4.8, and the temperature was maintained at 50 • C using a water bath at 120 rpm for 72 h. The hydrolysate was filtered, and the filtrate was analysed for glucose concentration.
Fermentation Medium Formulation
A mineral salt solution (pH 4.5) containing (in g/L); yeast extract, 1.0; (NH 4 ) 2 SO 4 , 2.0 and MgSO 4 , 1.0 was autoclaved at 121 • C for 15 min. All reagents purchased from Merck (Durban, South Africa). Filter-sterilised enzymatic hydrolysate was then added to the mineral salts. Initial glucose concentrations within a range of 12.5-30.0 g/L were obtained by diluting or-where needed-supplementing with pure glucose.
Microorganism and Inoculum Preparation
The S. cerevisiae BY4743 used in this study was obtained from the Department of Genetics, University of KwaZulu-Natal, Pietermaritzburg, South Africa. A single flask containing 100 mL Yeast-Peptone-Dextrose (YPD) medium was inoculated with a single colony and grown at 150 rpm, 30 • C overnight, until the exponential growth phase was reached. This culture was inoculated (10%) into the prepared fermentation medium (working volume of 100 mL) containing an initial glucose concentration of 12.5 g/L. The culture was then grown under the same conditions as previously described and then used as a starter culture for subsequent fermentation processes.
Fermentation Process and Analytical Methods
Fermentation processes were carried out in sterilised 250 mL flasks with a working volume of 100 mL. Aliquots of 10 mL (10% inoculation) S. cerevisiae were aseptically added to the fermentation flasks, and the cultures were incubated at 30 • C at 120 rpm for 24 h, or until glucose concentrations were depleted. Fermentations were aseptically sampled every two h and assessed for biomass concentration, sugar content, and bioethanol content.
The sugar content of filtered enzymatic hydrolysate and fermentation media was determined using a YSI 2700 Model Biochemical Analyser (YSI, Yellow Springs, OH, USA). Ethanol content was determined in the gas phase of the fermentation process, using an ethanol vapour sensor (ETH-BTA, Vernier Software and Technology, Beaverton, OR, USA). The absorbance of the culture broth was measured using a spectrophotometer (UV-Vis Spectrophotometer, UVmini-1240, Shimadzu, Kyoto, Japan) at 650 nm. Cell biomass quantification was achieved by using absorbance as a function of the concentration of yeast cells. A standard curve was prepared by determining the dry weights and corresponding absorbance values of yeast biomass at varied dilutions of a 24 h S. cerevisiae culture, grown in fermentation media containing 12.5 g/L glucose. Dry weights were determined by centrifuging 5 mL of each dilution (1, 1/2, 1/4, 1/8, and 1/10) for 10 min at 5000 rpm. The supernatant was removed, and the remaining biomass was dried at 60 • C until a constant mass was obtained.
Calculations of Kinetic Model Constants
The average specific growth rates (µ) of fermentation processes carried out in duplicate were calculated using Equation (1). The specific growth rate values (µ) and the substrate concentration data were subsequently used to estimate the maximum specific growth rate (µ max ) and Monod constant (K S ) by the double reciprocal Lineweaver-Burk plot. The Lineweaver-Burk plot has the possibility of distorting the error structure of the data, but it is still used for representation of kinetic data because the double reciprocal plot usually automatically and conveniently provides a considerably improved weighting for linear graphs of most kinetic parameters as a function of substrate concentration [24] .
where X 2 and X 1 are biomass concentrations (g/L) at time instants t 2 and t 1 , respectively. The linear form of this equation is as follows:
where S represents substrate concentration. In addition, experimental data on bioethanol production over time were used to fit the modified Gompertz model (Equation (3)) using the least squares method, (CurveExpert V1.5.5), which showed the lag time, maximum bioethanol production rate, and the potential maximum product concentration.
where P is bioethanol concentration (g/L), P m is potential maximum bioethanol concentration (g/L), r p,m is maximum bioethanol production rate (g/L/h), and t L is the time from the beginning of fermentation to exponential bioethanol production (h). Sugar utilisation, ethanol yield, ethanol productivity, and fermentation efficiency were calculated using the following Equations (4)- (7) respectively [25] :
× 100 (7)
Results and Discussion
Monod Kinetic Model of S. cerevisiae on Waste Sorghum Leaves
The microwave-assisted acid pre-treatment and subsequent enzymatic hydrolysis of the biomass of sorghum leaves resulted in a glucose yield of 0.153 g/g sorghum leaves. Cell biomass, bioethanol production, and glucose consumption were monitored throughout the fermentation process. The correlation between absorbance and dry weight of yeast biomass was determined by linear regression, which gave a correlation coefficient (r) of 0.96. The specific growth rate (µ) values were calculated using the exponential (log) phase of microbial growth. The values obtained were 0.096, 0.104, 0.114, 0.122, and 0.123 h −1 at initial substrate concentrations of 12.5, 13.3, 19.4, 21.8, and 23.1 g/L, respectively (Figure 1 ). In comparison, Echegaray et al. [26] obtained a range of specific growth rates between 0.019 and 0.240 h −1 using diluted sugarcane molasses as a substrate (170-270 g/L total reducing sugar range) under anaerobic cultivation of S. cerevisiae. In addition, an increase in µ values from 0.096 to 0.123 h −1 was observed when the initial glucose concentration increased from 12.5 to 23.0 g/L. A similar trend was reported by Laopaiboon et al. [27] , whereby an increase in glucose concentration from 10 to 150 g/L resulted in an increase of µ value from 0.43 to 0.49 h −1 . These findings suggest that the specific growth rate of a culture increases with increasing substrate concentration, until substrate saturation is reached [28] . findings suggest that the specific growth rate of a culture increases with increasing substrate concentration, until substrate saturation is reached [28] . Data on the specific growth rate (μ) values and initial substrate concentrations were used to estimate KS and μmax ( Figure 2) . A maximum specific growth rate (μmax) value of 0.176 h −1 was obtained, which was close to the value of 0.169 h −1 previously reported by Dodić et al. [19] using S. cerevisiae cells grown on raw sugar beet juice. As cell growth rate is largely dependent on substrate concentration, it is expected that a higher initial sugar concentration will result in higher Monod coefficients [28] . The KS value obtained (10.11 g/L) was in line with values previously reported from several studies on lignocellulosic substrates (Table 1) . Using citrus pulp waste as a substrate, a KS value of 10.690 g/L was reported by Raposo et al. [29] , while Srimachai et al. [16] obtained a KS value of 10.210 g/L using oil palm frond juice. These observations imply that S. cerevisiae has a similar affinity (1/KS) to sorghum leaves as oil palm frond juice, glucose, and citrus waste pulp. In contrast to this, Ariyajaroenwong et al. [2] reported a Monod constant (KS) of 47.510 g/L when using sweet sorghum juice as a substrate. This decreased affinity may be due to the presence of more than one type of sugar in sweet sorghum juice [2] . Singh and Sharma [30] reported a KS value of 3.700 g/L using glucose, which is much lower than the range observed in previous studies; however, this corresponds to a higher affinity constant, which is expected as glucose is metabolised with ease. Variations in KS values (from 3.7 to 213.6 g/L) can be attributed to substrate type and concentration, strains of yeast employed, or the fermentation process itself [2] . These data Data on the specific growth rate (µ) values and initial substrate concentrations were used to estimate K S and µ max (Figure 2) . A maximum specific growth rate (µ max ) value of 0.176 h −1 was obtained, which was close to the value of 0.169 h −1 previously reported by Dodić et al. [19] using S. cerevisiae cells grown on raw sugar beet juice. As cell growth rate is largely dependent on substrate concentration, it is expected that a higher initial sugar concentration will result in higher Monod coefficients [28] . The K S value obtained (10.11 g/L) was in line with values previously reported from several studies on lignocellulosic substrates (Table 1) . Using citrus pulp waste as a substrate, a K S value of 10.690 g/L was reported by Raposo et al. [29] , while Srimachai et al. [16] obtained a K S value of 10.210 g/L using oil palm frond juice. These observations imply that S. cerevisiae has a similar affinity (1/K S ) to sorghum leaves as oil palm frond juice, glucose, and citrus waste pulp. In contrast to this, Ariyajaroenwong et al. [2] reported a Monod constant (K S ) of 47.510 g/L when using sweet sorghum juice as a substrate. This decreased affinity may be due to the presence of more than one type of sugar in sweet sorghum juice [2] . Singh and Sharma [30] reported a K S value of 3.700 g/L using glucose, which is much lower than the range observed in previous studies; however, this corresponds to a higher affinity constant, which is expected as glucose is metabolised with ease. findings suggest that the specific growth rate of a culture increases with increasing substrate concentration, until substrate saturation is reached [28] . Data on the specific growth rate (μ) values and initial substrate concentrations were used to estimate KS and μmax ( Figure 2) . A maximum specific growth rate (μmax) value of 0.176 h −1 was obtained, which was close to the value of 0.169 h −1 previously reported by Dodić et al. [19] using S. cerevisiae cells grown on raw sugar beet juice. As cell growth rate is largely dependent on substrate concentration, it is expected that a higher initial sugar concentration will result in higher Monod coefficients [28] . The KS value obtained (10.11 g/L) was in line with values previously reported from several studies on lignocellulosic substrates (Table 1) . Using citrus pulp waste as a substrate, a KS value of 10.690 g/L was reported by Raposo et al. [29] , while Srimachai et al. [16] obtained a KS value of 10.210 g/L using oil palm frond juice. These observations imply that S. cerevisiae has a similar affinity (1/KS) to sorghum leaves as oil palm frond juice, glucose, and citrus waste pulp. In contrast to this, Ariyajaroenwong et al. [2] reported a Monod constant (KS) of 47.510 g/L when using sweet sorghum juice as a substrate. This decreased affinity may be due to the presence of more than one type of sugar in sweet sorghum juice [2] . Singh and Sharma [30] reported a KS value of 3.700 g/L using glucose, which is much lower than the range observed in previous studies; however, this corresponds to a higher affinity constant, which is expected as glucose is metabolised with ease. Variations in KS values (from 3.7 to 213.6 g/L) can be attributed to substrate type and concentration, strains of yeast employed, or the fermentation process itself [2] . These data Variations in K S values (from 3.7 to 213.6 g/L) can be attributed to substrate type and concentration, strains of yeast employed, or the fermentation process itself [2] . These data demonstrate that the suitability of waste sorghum leaves as a substrate for S. cerevisiae growth is similar to that of raw sugar beet juice and oil palm frond juice. Furthermore, the fermentation volume size may impact the K S value. This is illustrated by the vast differences in substrate affinity for glucose obtained by Shafaghat et al. [22] using a working volume of less than 250 mL and Ahmad et al. [9] with a working volume of 8 L. The differences observed between the aforementioned studies may be attributed to additional process challenges encountered in large volume, such as poor agitation, low mass transfer, and inhomogeneity. ND: Not determined.
Bioethanol Production
The bioethanol production trend of S. cerevisiae cultivated on fermentation medium prepared from sorghum leaves is shown in Figure 3 . A rapid depletion of glucose was observed from 0 to 32 h. A lag phase in bioethanol production of 6 h was obtained. This corresponds to cell adaptation and synthesis of key nutrients required for biomass or product (bioethanol) formation [14] . Ardestani and Shafiei [33] reported exponential growth of S. cerevisiae after 7 h of incubation. A rapid increase in ethanol concentration was observed from 6 to 28 h, corresponding to the exponential stage (Figure 4) . This is expected, as ethanol is a primary metabolite and is therefore produced during the exponential phase of cell growth. A similar observation was reported by Lin et al. [34] , where a steady increase in ethanol was observed over a duration of 48 h at 30 and 40 • C. An average ethanol yield of 0.49 g-ethanol/g-glucose was obtained, corresponding to a 96% fermentation efficiency during this period. Fermentation efficiencies between 72.78% and 78.43% have been reported by Srimachai et al. [25] using oil palm frond juice as a substrate, whilst ethanol yields between 0.40 and 0.49 g/g have been obtained from raw sugar beet juice [19] . Waste sorghum leaves show excellent potential for lignocellulosic bioethanol production. A productivity of 0.345 g/L/h was observed in this study. Ethanol productivities on other lignocellulosic substrates in the range of 0.25 to 1.01 g/L/h have been reported [35] [36] [37] [38] , further pointing to the relative higher potential of waste sorghum leaves for bioethanol production.
The modified Gompertz model was fitted to the experimental data, and kinetic coefficients were determined (Equation (8)).
The fitted regression curve exhibited an R 2 value of 0.98 and a correlation coefficient (r) of 0.99, suggesting that this model is able to efficiently describe bioethanol production during the fermentation of sorghum leaf wastes. The Gompertz coefficients for maximum potential bioethanol concentration (P m ), maximum bioethanol production rate (r p,m ), and lag time were 17.15 g/L, 0.52 g/L/h, and 6.31 h, respectively, from waste sorghum leaves. Very few studies have reported a lag time of longer than one hour [19] . This suggests that a duration of at least 6 h was required for yeast cells to adapt to fermentation medium derived from waste sorghum leaves. Additionally, the maximum potential bioethanol concentration of 17.15 g/L-which corresponds to 2.17% (v/v)-illustrates that the impact of ethanol concentration within the medium may have a slight effect on the specific growth rate of S. cerevisiae. This is supported by an earlier study by Dinh et al. [39] , which showed that a higher initial ethanol concentration within fermentation media resulted in an increase in the time required for cells to reach the optimal bioethanol production rate as well as a reduction in the maximum ethanol concentration.
ethanol concentration was observed from 6 to 28 h, corresponding to the exponential stage ( Figure  4) . This is expected, as ethanol is a primary metabolite and is therefore produced during the exponential phase of cell growth. A similar observation was reported by Lin et al. [34] , where a steady increase in ethanol was observed over a duration of 48 h at 30 and 40 °C. An average ethanol yield of 0.49 g-ethanol/g-glucose was obtained, corresponding to a 96% fermentation efficiency during this period. Fermentation efficiencies between 72.78% and 78.43% have been reported by Srimachai et al. [25] using oil palm frond juice as a substrate, whilst ethanol yields between 0.40 and 0.49 g/g have been obtained from raw sugar beet juice [19] . Waste sorghum leaves show excellent potential for lignocellulosic bioethanol production. A productivity of 0.345 g/L/h was observed in this study. Ethanol productivities on other lignocellulosic substrates in the range of 0.25 to 1.01 g/L/h have been reported [35] [36] [37] [38] , further pointing to the relative higher potential of waste sorghum leaves for bioethanol production. The fitted regression curve exhibited an R 2 value of 0.98 and a correlation coefficient (r) of 0.99, suggesting that this model is able to efficiently describe bioethanol production during the fermentation of sorghum leaf wastes. The Gompertz coefficients for maximum potential bioethanol concentration (Pm), maximum bioethanol production rate (rp,m), and lag time were 17.15 g/L, 0.52 g/L/h, and 6.31 h, respectively, from waste sorghum leaves. Very few studies have reported a lag time of longer than one hour [19] . This suggests that a duration of at least 6 h was required for yeast cells to adapt to fermentation medium derived from waste sorghum leaves. Additionally, the maximum potential bioethanol concentration of 17.15 g/L-which corresponds to 2.17% (v/v)-illustrates that the impact of ethanol concentration within the medium may have a slight effect on the specific growth rate of S. cerevisiae. This is supported by an earlier study by Dinh et al. [39] , which showed that a higher initial ethanol concentration within fermentation media resulted in an increase in the time required for cells to reach the optimal bioethanol production rate as well as a reduction in the maximum ethanol concentration. Table 2 shows a comparison of the Gompertz coefficients obtained from this study using sorghum leaves and those reported from oil palm frond juice and sugar beet raw juice. From sorghum leaves, a higher maximum potential bioethanol concentration was achieved. In addition to this, an Table 2 shows a comparison of the Gompertz coefficients obtained from this study using sorghum leaves and those reported from oil palm frond juice and sugar beet raw juice. From sorghum leaves, a higher maximum potential bioethanol concentration was achieved. In addition to this, an observed bioethanol production rate of 0.52 g/L/h was two times that achieved by Srimachai et al. [25] from oil palm frond juice. This illustrates the higher potential of waste sorghum leaves to accommodate a higher production rate. 
Conclusions
This study developed two kinetic models to describe the growth of S. cerevisiae BY4743 on pre-treated waste sorghum leaves for bioethanol production. Experimental data fitted the Monod and modified Gompertz model with high accuracy giving R 2 values of 0.95 and 0.98, respectively. From the Monod model, a maximum specific growth rate and Monod constant of 0.176 h −1 and 10.11 g/L were obtained, respectively. These findings show that waste sorghum leaves have a greater potential for bioethanol production with a higher production rate and productivity than several lignocellulosic substrates. Furthermore, a maximum yield of 0.49 g-ethanol/g-glucose was achieved after 32 h of fermentation. The generated kinetic knowledge of S. cerevisiae growth on sorghum leaves and bioethanol formation in this study is of high importance for process optimisation and scale-up towards commercialisation of this fuel.
